Abstract: We investigated effects of three understorey restoration treatments -carbon (sugar) addition, spring burning and re-establishment of the perennial native grass Themeda australis (R.Br.) Stapf -on early establishment of eight species of native forbs in a degraded White Box (Eucalyptus albens Benth.) woodland dominated by exotic annuals, in central New South Wales, Australia. Forb seeds and seedlings were introduced to treatments in a randomised, irrigated field trial and monitored for 4-8 months. Treatments significantly altered vegetation structure and composition, resulting in higher native grass and lower exotic grass cover on sugar and burnt plots (especially if seeded with Themeda), a proliferation of broadleaf exotic annuals on burnt plots, and continued high cover of exotic annual grasses and broadleaf annuals on control plots.Forb germination was largely confined to three largeseeded forbs -Bulbine bulbosa (R.Br.) Haw., Dichopogon fimbriatus (R.Br.) J.F.Macbr., and Microseris lanceolata (Walp.) Schultz-Bip., and few germinants of three small-seeded forbs were observed. Overall, germination (% emergence, and seedling numbers after four months) was significantly greater on sugar than burnt and control plots, whilst transplant survival was significantly enhanced by both sugar and burning treatments for up to 8 months after planting. Re-introduced Themeda swards significantly promoted seedling germination and transplant survival in burnt plots. Whilst long-term seedling survival was extremely low due to severe drought, we concluded that: (a) the applied restoration treatments (especially carbon addition) have considerable potential for promoting forb establishment in degraded woodlands; (b) reduced competition with exotic annuals associated with carbon addition outweighed potential disadvantages of reduced nutrient levels; (c) competition with broadleaf annuals and/or exposure to more extreme environments associated with burning may be problematic for forb germination; and (d) Themeda swards may be more conducive to establishment of native forbs than swards of exotic annuals, due to their contrasting growth strategies. 
Introduction
The goals of ecological restoration are varied but generally focus on the return of specified attributes of a natural ecosystem to a target area (Hobbs and Norton 1996) .
Characteristics such as vegetation structure, species composition and ecological functions may be targeted individually, but often the interactions among these characteristics must also be considered (Clarke 2000; Hobbs and Cramer 2003; Thompson et al. 2005) . In particular, it may be impossible to restore native species composition unless key ecosystem processes have been restored (King and Hobbs 2006) , and conversely, particular species may be key drivers of natural ecosystem functions (Vetaas 1992; Hobbs and Morton 1999; .
A critical stage in the restoration and persistence of native plant composition and diversity is seedling germination and establishment. The seedling stage of a plant's life cycle is often exceptionally vulnerable and determines the distribution of many species (Harper 1977) . Consequently, conditions for seedling recruitment will influence the composition and diversity of restored plant communities (Grubb 1977; Hobbs and Huenneke 1992; Morgan 2001; Clarke and Davison 2004) . Restoration of ecological conditions that promote germination and establishment of native seedlings is thus an important component of successful restoration of species composition and diversity.
Temperate grassy eucalypt woodlands in the agricultural zones of south-eastern Australia naturally support a high diversity of herbaceous perennial forbs among the dominant grass tussocks (McIntyre et al. 1993; Prober and Thiele 1995; Clarke 2000) . However, restoration of native plant diversity in temperate grassy ecosystems is not straight forward (McDougall and Morgan 2005) . Understorey degradation in these ecosystems has been associated with altered ecological processes, particularly enhanced soil nutrient regimes (McIntyre and Lavorel 1994; Prober et al. 2002a; Dorrough et al. 2006) . These can favour the long-term persistence of exotics (Prober et al. 2002b and modify conditions for establishment and survival of many native species. In particular, competition from exotics may reduce resources for seedling establishment by native species (Grime 1979; Wilson and Tilman 1993; Lenz and Facelli 2005) and suppress slower-growing native species (Alvarez and Cushman 2002; King and Buckney 2002; Prober et al. 2002b) .
Restoration techniques that have attempted to address these altered ecological processes include spring burning, seasonal grazing and carbon addition. Spring burning removes litter, above ground biomass and the seed bank of exotic annual grasses (Kost and De Steven 2000; Clarke and Davison 2001; Prober et al. 2004 , reducing the abundance of annual exotic grasses in the following seasons, but variously enhancing broadleaf exotics . Heavy grazing in spring has similarly been found to reduce the seed set and abundance of exotic annual 7 grasses (Menke 1992; Garden et al. 2000) . Carbon addition promotes carbon-limited soil micro-organisms, which subsequently compete with plants for available soil nitrogen, dramatically inhibiting the growth of nitrophilic annual exotics and in some cases allowing slower-growing native species a window-of-opportunity to establish (Averett et al. 2004; Corbin and D'Antonio 2004; . Spring burning and carbon addition have proven successful for establishing native grasses in Australia ) and grasses and forbs in tall-grass prairies in the USA (Blumenthal et al. 2003; Averett et al. 2004; Baer et al. 2003) , and in temperate grassy eucalypt woodlands have led to successful restoration of ecological processes associated with nitrogen cycling ).
An important next step in restoring woodland understoreys is to enhance native plant diversity by re-establishing sustainable populations of native perennial forbs.
However, there is little data on natural recruitment and population dynamics of native forbs to guide this process (Morgan 2001; Clarke and Davison 2004) , and responses of native forbs to the above restoration techniques (especially carbon addition) are unknown. The aim of this study was thus to enhance our understanding of factors affecting establishment of native forbs in degraded grassy White Box (Eucalyptus albens) woodlands. Our specific objectives were to: (1) test how treatments to reduce the abundance of exotic annuals (carbon addition, spring burning and re-establishment of Themeda australis) affect germination and seedling establishment of native forbs; and (2) relate forb germination and seedling establishment to seed size and growth form. (the start of this study) the treatments had produced different ground-cover states and soil nitrogen levels (see below), and these states were used for comparisons of native forb germination and establishment in the current study.
CSU Research
The study was undertaken at the property 'Windermere' (34°11' S, 148°33' E) near Young NSW, in undulating terrain on red duplex soils (moderately acidic sandy loams over clay) derived from granodiorites, and typical of remnant grassy White Box woodlands in the region (Prober et al. 2002a) . Average annual rainfall is 650 mm but commonly varies between 350 mm (5 th percentile) and 880 mm (95 th percentile, based on property rainfall records from 1888-1997). Experimental plots were placed in cleared areas, to avoid the influence of trees on soil nutrients and floristic composition (Prober et al. 2002a) , and were fenced to exclude livestock.
Plots were located on an upper slope within grazed native pastures dominated by
Bothriochloa macra (Red Grass) and other grazing-tolerant native perennial grasses.
Cool-season exotic annuals, particularly grasses of the genera Vulpia and Bromus and a range of broadleaf forbs (e.g. Erodium botrys), predominated between the grass tussocks. There were few native forbs (e.g. Lomandra filiformis, Oxalis perennans and Rumex brownii) or perennial exotics.
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Experimental design and monitoring
The current trial utilized a subset of the original experimental plots leading to a 3 plot treatment (carbon addition, spring burning and an untreated control) x 2 seed treatment (surface sown with the perennial native grass Themeda australis or unseeded) x 4 replicate trial arranged in a randomized complete block design. Burns were carried out using a gas-powered weed burner in spring (midOctober 2002 (midOctober , 2003 (midOctober , 2004 , with the aim of killing all annual exotics before seed-set. m, and a 1 x 2 m section of each plot was randomly assigned for use in the current study.
At the start of the forb experiment, in autumn 2005, spring burning had reduced the abundance of exotic annual grasses and enhanced native perennials and broadleaf exotics. Carbon addition had reduced total annual exotic abundance, enhanced native perennials and reduced soil nitrate to < 2.5 mg/kg, which is comparable with highquality, undisturbed remnants 
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Transplant survival and growth
Ten transplants (aged 2-4 months) of each of five native woodland forb species (Table 1) 
Data analysis
Data were analysed using SPSS 13. (Steel and Torrie 1982) .
Results
Vegetation structure
Consistent with earlier findings , plot treatments had a substantial influence on vegetation structure (Table 2) . At the beginning of the trial, burnt plots had high levels of bare ground, and the lowest vegetation biomass, cover and litter levels. Control plots had the highest biomass, cover and litter levels, although levels were not always significantly greater than those in sugar plots. By August 2005, growth on burnt plots had led to vegetation biomass and cover levels similar to or exceeding those on sugar plots, and differences in biomass and cover between sugar and control plots had become more marked. Soil surface hardness mirrored trends in vegetation structure, and was most strongly correlated with litter depth (R = -0.68, P < 0.001), with surface soils being hardest on burnt plots and softest on control plots (Table 2) . Interestingly, soil moisture levels were significantly elevated on sugar plots, and did not correlate significantly with litter depth or other vegetation structural
The composition of unsown species differed significantly among treatments (Table 2) .
Native grasses, especially summer-growing C4 species, had significantly greater cover in sugar plots than control plots, and had intermediate cover on burnt plots (although not significantly different from either treatment). Control plots had considerably more exotic grass cover, whilst there was a proliferation of low-stature, broadleaf weeds, particularly Erodium botrys (Cav.) Bertol., on burnt plots. Exotic species were generally suppressed on sugar plots, although there were moderate amounts of Hypochaeris glabra L. and Trifolium subterraneum L.
Plots seeded with Themeda developed a high cover of Themeda on sugar and burnt plots, but cover on control plots was low , Table 2 ). This led to a significantly higher total native grass cover on seeded than unseeded plots, although the interaction with plot treatment was not significant. There was also a significant decline in broadleaf exotics on plots seeded with Themeda (Table 2) .
Forb germination
Seeds of all species displayed high viability in growth cabinets with over 80% germination after 37 days for most species (Table 1) . Microseris, Chrysocephalum and W. luteola seeds responded quickly with over 60% germination after 7 days. Lily seeds were slowest to germinate: Dichopogon took 15 days and Bulbine 37 days to achieve over 60% germination.
In the field, seed germination varied greatly among treatments and showed strong relationships with seed size. Greater than 25% germination of the large seeded species Of the four species that germinated in the field, all species except Bulbine germinated better on sugar plots. This trend was significant or marginally significant for Dichopogon, Microseris and total germination (Table 3) . For Leptorhynchos, a total of 24 seeds (mean 3 ± 1 per plot) germinated on sugar plots, compared with a total of one and two seeds on control and burnt plots respectively: owing to high numbers of zeros on burnt and control plots this trend could not be analysed statistically (Table 3) .
Effects of burning differed among species, with significantly greater germination of
Microseris and a trend towards less germination of Dichopogon and Bulbine (not significant) on burnt compared with control plots. There was a significant treatment x
Themeda interaction for pooled germination of all species, indicating better germination in burnt plots with re-introduced Themeda than in burnt plots without Themeda (Table 3) . This trend was also evident for Microseris germination, with the interaction approaching significance (P = 0.074, not shown).
Of the seeds that germinated, percentage survival until August was high (> 70%) for
Bulbine and Dichopogon, and low (< 25%) for Microseris ( (Table 3) .
By contrast, burning did not enhance seed germination or survival compared with controls, and on burnt plots without Themeda, final seedling numbers were in fact lower than in control plots (Table 3) . Themeda also enhanced the total richness of seedling germination and the richness of seedlings surviving to August 2005 (Table   3 ). This was particularly the case on burnt plots, but the treatment:Themeda interaction was not quite significant in either case (P = 0.15, P = 0.08 respectively).
Transplant survival and growth
Over 80% of transplants survived in all treatments until August 2005, except for
Microseris which declined rapidly from June (Fig. 2) . For all species combined, mean transplant survival by August was lowest in control plots and highest in sugar plots.
Trends were similar for individual species, although differences were significant only for Dichopogon and Microseris (Fig. 2) . For Microseris the effect was dramatic, with 70% survival in sugar plots and intermediate survival in burnt plots, compared with 100% mortality in control plots. In addition, a significant treatment x Themeda interaction was detected in July, with greater Microseris survival in burnt plots seeded with Themeda than in unseeded burnt plots (P = 0.046, data not shown). This trend was still evident in August but the statistical analysis was less powerful owing to total mortality in control plots (and hence exclusion of this treatment from the ANOVA).
By contrast with trends in transplant survival, transplants of Bulbine, Chrysocephalum
and Dichopogon surviving to August 2005 were significantly taller in control plots than in other treatments (Fig. 3) . This trend was also reflected in the growth of Bulbine germinants (Table 3) . However, there were no significant treatment effects on mean leaf number for these species or mean rosette width for W. communis. For
Microseris, there was a dramatic and rapid decline in height on control plots (Fig. 4) .
This decline was notably reduced on sugar and burnt plots, and by the presence of Themeda on these plots (Fig. 4) . For leaf numbers, there was a significant treatment x Themeda interaction, indicating that by August, plants had more leaves in sugar plots and in burnt plots with Themeda compared with other plots (Fig. 4) .
Consistent with lower transplant survival on control plots in August, survival of Chrysocephalum and W. communis transplants was significantly and considerably lower in control plots than burnt and sugar plots by mid-December 2005 (Table 4) .
Other species were no longer active above-ground at this date. Furthermore, Chrysocephalum survived better on burnt than on sugar plots, and burning enhanced height, leaf numbers and number of flowers/seed pods in both species compared with sugar plots (significant or marginally significant for most comparisons, Our data do not allow us to determine whether enhanced seedling germination on sugar plots was primarily influenced by reduced competition from exotic annuals or associated reductions in litter depths (or other factors). Lunt (1995 Lunt ( , 1996 showed that (2004) . Given the variable response of broadleaf annuals to spring burning across sites and seasons found in earlier studies (Prober et al. 2004 , effects of spring burning on forb establishment may vary depending on the response of broadleaf weeds. Burning may be more likely to promote establishment of native species (Morgan 1997 (Morgan , 1998b in intact remnants where exotics are less abundant.
In addition to its effects on seedling establishment, burning can promote growth and flowering of grassland forbs by increasing light and soil nutrient levels for established plants (Hulbert 1988; Lunt 1994; Morgan 1996, Bond and van Wilgen 1996; Picone et al. 2003) . Whilst burning did not promote seedling germination or establishment in this trial, it did promote survival, growth and flowering of transplants, particularly for Chrysocephalum and W. communis. This is more likely to be due to enhanced light penetration rather than soil fertility since earlier measurements on experimental plots found that burning did not significantly enhance soil nutrient levels . communis transplants by December, was also significantly enhanced on plots seeded with Themeda.
The mechanisms for these small and sometimes transient, but surprisingly consistent, effects could involve interactions between Themeda and exotic annuals. Reestablished Themeda swards may be more conducive to establishment of native forbs than swards of exotic annuals because the C4 tussock grass Themeda has a summer growth-cycle whilst the native forbs and exotic annuals both have C3 cool-season growth-cycles (Groves 1965; Tremont and McIntyre 1994) . Consistent with this argument, there was a suggestion of poorer growth rates for at least one transplanted species (W. communis) on Themeda plots by December. Themeda plants had become quite large by this date, and this result may provide a preliminary indication of increasing competition as the Themeda sward becomes denser and more active.
An alternative potential cause for the positive effect of Themeda on forb establishment in burnt plots is that exposed conditions at the early stage of the trial were ameliorated by the presence of small Themeda tussocks that had put on one season's growth since the spring fire. However, this suggestion is not supported by http://researchoutput.csu.edu.au 24 vegetation structure data (Table 2) . Further research is needed to elucidate the mechanisms underlying the promotion of forb establishment by re-established Themeda swards.
Species-specific responses
We recorded few seedlings of the three small-seeded forbs (Chrysocephalum,
Leptorhynchos and Wahlenbergia; all < 0.17 mg/seed) in any treatment, consistent with Morgan (1998b) who found that large-seeded species germinated significantly better than small-seeded species under a variety of grassland cover conditions.
Poor germination of small seeded species may have resulted from seed losses (e.g.
predation by ants), insufficient soil moisture in the early stages (despite irrigation) and/or inhibition of germination or establishment beneath litter. Germination of
Chrysocephalum, W. luteola and the related species, Leptorhynchos tenuifolius and
Wahlenbergia stricta, is known to be inhibited by grass litter, shallow soil or darkness (Hitchmough et al. 1989; Lunt 1995; Morgan 1998b) . However, shading by litter and plants does not explain poor germination of small-seeded species in burnt plots which were initially open. Poor establishment by small-seeded species is likely to reflect heightened sensitivity of small seeds to a wide range of adverse establishment conditions, and highlights potential difficulties in establishing these species in restored grasslands and woodlands. seedlings allowed seedlings to push upwards through dense vegetation (Hitchmough et al. 1989 (Hitchmough et al. , 1996 . Bulbine seedlings were particularly effective at forcing their way through thick foliage of Erodium botrys in burnt plots and Echium plantagineum in control plots (authors, pers. observ.). By contrast, Microseris seedlings were less vigorous. 
Conclusions
